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ABSTRACT

The space environment is extreme for plants growth and survival as gravity (gravitropism
modification, water distribution), radiations (mutations enhancers), light spectrum regime and
temperature are not optimal. Photosynthetic microorganisms are a foreseen solution for
supporting plant development, growth, and stress tolerance in closed environments, like those
designed for space colonisation. Indeed, photosynthetic microorganisms are known as secondary
metabolites producers (exopolysaccharides, indole alkaloids, fertilisers) able to impact plant
stimulation. Studying their abilities, application methodologies and best strains for space
agriculture may lead to developing a sustainable and efficient approach for food production.
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Furthermore, as these microorganisms could also be used to produce oxygen and recycle waste
materials increasing their interest in closed loop systems is undeniable. In this review we provide
an overview of the current state of knowledge about existing biostimulants, their effects and
applications, and the potential brought by photosynthetic microorganisms for life in closed

environments.

Highlights

e Cyanobacteria’s and microalgae’s secondary metabolites
can act as biostimulants for vascular plants when applied
to the roots or the leaves.

¢ Production of secondary metabolites in cyanobacteria can
be enhanced in stressful environments.

e Cyanobacteria can survive space-like stress by sur-produ-
cing secondary metabolites giving an advantage for space
farming as a source of biostimulant compounds.

1. Introduction

Plants on Earth are estimated to count approximately
300,000 species. The origins of plants are closely tied to the
colonisation of land, with the earliest plant fossils estimated
to be from between 490 and 425 million years ago. Moreover,
plants are a source for primary production and at the centre
of our ecosystem structure, both on land and within the
oceans (Kreft and Jetz 2007). Amongst this diverse group
of plant species, vascular plants, or Tracheophyta clade,
which includes approximately 260,000 species, are of par-
ticular interest in the study of life on Earth (Lucas et al.
2013; Crang et al. 2018). Vascular plants can be defined as
plants composed of lignified tissues (xylem) used to conduct
water and minerals within the plant. In addition, non-lig-
nified tissues (phloem) play a crucial role in plant physiology
as they are responsible for conducting products of photosyn-
thesis (Lucas et al. 2013; Crang et al. 2018). Vascular plants
include phylogenetic groups such as Gymnospermae,

Angiospermae, Polypodiophytae, and Lycophytae (Lucas
et al. 2013; Crang et al. 2018) corresponding to all macro-
scopic plants on our planet. By extension, edible plants
grown nowadays for human consumption are vascular
plants. Hence, interest in vascular plants comes from the
necessity for our humanity to (1) understand our environ-
ment and origins, and (2) produce enough food for the grow-
ing population.

Given the importance of vascular plants for both terres-
trial and aquatic ecosystems, there is a growing interest in
finding ways to optimise their growth and productivity. A
first approach that has gained attention in recent years is
the use of biostimulants. Biostimulants are defined as a
type of substance or live microorganisms formulated from
biological materials and designed to improve the pro-
ductivity of plants when applied to the plant or the rhizo-
sphere (Yakhin et al. 2017; Ricci et al. 2019; Rouphael and
Colla 2020; Kapoore et al. 2021). They aim to enhance the
nutrition efficiency of the plant, and allow abiotic stress tol-
erance (du Jardin 2015). Positive effects of biostimulants on
plant productivity are the result of the complex combination
of different compounds within the solution used, and not the
sole presence of a single known compound (Yakhin et al.
2017). A significant aspect of biostimulants is that the mech-
anism by which they impact plant growth and development
is not entirely understood. Despite this lack of knowledge, it
is still important to recognise their potential value in pro-
moting plant growth and health.

Nowadays, a fair number of biostimulants are already in
use, but some missing information makes it difficult to
prove their use as a reliable solution, and more in-depth
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Table 1. Search and number of results in the PubMed, Google Scholar and
Scopus databases on the 5th of July 2023.

Number of Number of
Google scholar Pubmed Number of
Search terms results results scopus results
Biostimulant 29,300 2,719 2,165
Biostimulant 18,100 434 231
microorganisms
Photosynthetic 14,800 15 16
microorganisms
biostimulant
Plant growth promoting 2,140,000 11,263 10,908
bacteria
Plant growth promoting 102,000 2,341 6,267
rhizobacteria
Cyanobacteria 2,880 22 34
biostimulants
Bacteria biostimulant 19,400 1,119 293
Algae biostimulant 11,200 58 175

studies are needed. The first point of concern is the lack of
consensus and standardisation on the definition of the
term biostimulant. The European Committee for Standardis-
ation (CEN) has initiated a project to create a set of harmo-
nised European standards for biostimulants. This project
includes the standardisation of terminology, product
specifications, labelling, testing methods, and safety require-
ments for biostimulants, as well as the verification of product
claims. One challenge in this project is to develop standards
that allow for comparison between different biostimulant
products, while also taking into account the wide range of
products, claims, and contexts in which they are used
(Ricci et al. 2019; ‘CEN/TC 455 — Plant Biostimulants and
Agricultural Micro-Organisms,” 2022). Another important
point is the limited amount of research on this specific
field. According to a search on the Google Scholar, PubMed
and Scopus database (Table 1), there are only a small number
of studies that have examined the use of microorganisms as
biostimulants for plants.

Results obtained are mainly review papers or perspective
studies rather than primary research studies. This limited
number of studies suggests a need for further investigations
on the use of microorganisms as biostimulants to fully
understand their potential benefits and risks. Nevertheless,
a search for ‘biostimulant’ term returns no less than 2,719
references in the Pubmed database, 29,300 in the Google
Scholar database and 2,165 in the Scopus database (as of 5
July 2023), showing a growing interest in this matter.
Amongst the studies available, it has been demonstrated
that photosynthetic microorganisms, including both cyano-
bacteria and microalgae, have presented the potential to be
effective biostimulants due to their positive impact on the
growth of vascular plants (EL Arroussi 2016; Gonzalez-
Pérez et al. 2021; Kapoore et al. 2021; Santini et al. 2021).

Cyanobacteria are a very large monophyletic group of
photoautotrophic prokaryotes. This group has a wide range
of morphology and ecological environments as they success-
fully colonised almost any sunny environment on Earth and
play a prominent role in these environments (Stal 2007).
Cyanobacteria are known to be an old phylum as the oldest
traces of their existence go back to 3,500 million years. They
are believed to be responsible for the oxygenation of Earth’s
atmosphere, thanks to their photosynthesis abilities during
the Precambrian supereon, and, therefore, contributed to
the appearance of oxygen-dependent life on Earth (Rasmus-
sen et al. 2008; Garcia-Pichel 2009; Kauff and Biidel 2011).

Indeed, from unicellular to pluricellular species, the major
commonality between all cyanobacteria is their ability to
carry out oxygenic photosynthesis (Garcia-Pichel 2009; San-
chez-Baracaldo and Cardona 2020). As a source of carbon,
cyanobacteria fix CO, primarily using the reductive Pentose
Phosphate pathway (Garcia-Pichel 2009; Shinde et al. 2020).
Nevertheless, cyanobacteria’s morphological diversity and
lifestyle make the establishment of a strong taxonomy
difficult. Their lifestyle is close to the one observed in eukary-
otic microalgae, as they both share the same habitats and
ability to perform oxygenic photosynthesis (Kauff and
Biidel 2011; Mishra 2020). These similarities in morphology,
lifestyle and photosynthesis ability have deceived taxono-
mists for years, leading to false taxonomies. Indeed cyano-
bacteria have been classified as algae, although it is now
demonstrated that these species belong to the bacteria
domain (Kauff and Biidel 2011).

On the other hand, eukaryotic microalgae, like cyanobac-
teria, are found in a wide range of aquatic environments,
including oceans, rivers, lakes and even damp soil (Litchman
et al. 2007). They are known to be an important source of
primary production in aquatic ecosystems (Litchman et al.
2007). Algae are a diverse group of aquatic organisms that
can be either unicellular or pluricellular (Litchman et al
2007). Microalgae are photosynthetic organisms: they con-
vert CO, and water into energy and produce O, as a by-pro-
duct of photosynthesis. They are, in association with
cyanobacteria, an important source of oxygen in Earth’s
atmosphere (Hader 2022).

Overall, the main difference between microalgae and cya-
nobacteria remains in their phylogenetic classification and
their photosynthetic apparatus. While microalgae are
classified as eukaryotes, cyanobacteria are classified as pro-
karyotes and present morphological traits specific to bac-
teria. Regarding their photosynthetic system, both
microalgae and cyanobacteria possess specific pigments, or
in different proportions, to conduct photosynthesis (Hader
2022). Microalgae contain chlorophyll, which is a green pig-
ment responsible for capturing light energy used during
photosynthesis (Melkozernov et al. 2006). They also contain
carotenoids, which are yellow, orange, or red pigments that
possess the ability to protect themselves against an excess
of light energy (Pagels et al. 2021). Some microalgae also
contain phycobilins, which are pigments found in the thyla-
koid membranes (Heocha 1965). Cyanobacteria also contain
chlorophyll and carotenoids (Barton et al. 2013), in addition
to phycobilins, which are pigments found within phycobili-
proteins and are responsible for the pigments’ colours (Heo-
cha 1965; Tan et al. 2023). Cyanobacteria have unique
pigments, such as phycocyanin, a phycobiliprotein, which
is a blue or green pigment responsible for their blue-green
colour (Patel et al. 2005). Pigments contained in both micro-
algae and cyanobacteria are amongst a large variety of
metabolites explaining their ability to thrive in a wide
range of environments. These metabolites allow them to
withstand extreme conditions, such as high levels of UV
radiation (UV-B (280-315 nm) and UV-A (315-400 nm))
(Singh et al. 2010) or variable temperatures (from 0 to 30°
C) (Konopka and Brock 1978). This explains their presence
in the most extreme environments on Earth including hot
springs, polar regions, and the deep seas (Seckbach 2007).
Yet, what may be considered an ‘optimal environment’ for
one species, can be an ‘extreme environment’ for another.



Stress, referred as any perturbation occurring in a steady-
state environment, can occur in any kind of environment
and affect any species living in the said environment. For
bacteria, a stressful environment is considered to provide
suboptimal conditions, affecting their survival (Zhang et al.
2021). The most common stress factors are related to
osmotic and acidic-alkaline perturbances, temperature
shocks, drought, light, metal exposure, and nutrient depri-
vation (Zhang et al. 2021). Other stress factors are being
sought, especially considering the rise in interest in spatial
conditions, in the setting up of life support. Thus, radiation
exposure, magnetic field, light intensity, microgravity
exposure, and exposure to nitrates, differing from Earth
usual conditions, are a new range of stress factors to be
considered.

These extreme conditions found in space pose significant
challenges for the settlement of a human colony, especially
regarding food supply. NASA’s GeneLab database, collects
and provides access to omics data from biospecimens
flown in space or exposed to simulated space stressors as a
reference of space biology for future space research and
settlements (Berrios et al. 2021). The ability of microorgan-
isms to adapt and survive in these conditions makes them
an attractive option for on-site food production. Space agri-
culture refers to the cultivation of plants in space for the pur-
pose of producing food, oxygen, and other resources for
space missions or future space settlements with a minimal
resupply from Earth (De Pascale et al. 2021). This concept
has gained increasing attention in recent years as the poten-
tial for human exploration and colonisation of other planets
and moons in our solar system might occur in a few years, as
already planned with NASA’s ARTEMIS programme, started
with the launch of ARTEMIS-I in November 2022 (Creech
et al. 2022; Kessler et al. 2022). The challenges of growing
plants in the harsh and extreme conditions of space are sig-
nificant and require innovative approaches and technologies
to overcome these difficulties (De Pascale et al. 2021). One of
the key considerations for plant growth in space is the impact
of radiation. Even if plants are more tolerant to ionising radi-
ation than animals, radiation can be mutagenic and detri-
mental to plant DNA and cellular processes leading to
morphological and anatomical alterations (Arena et al.
2014; Furukawa et al. 2020). Additionally, the variation of
magnetic field in space (depending on the host planet) is per-
ceived by plants as abiotic stress. Therefore, it has been
shown that plants exposed to Earth magnetic field variations
presented a higher generation of Reactive Oxygen Species
(Mridha et al. 2016) and an increase of stress enzymes like
APX in seedlings (Shabrangy and Majd 2009). On the
other hand, plants are known to be extremely sensitive to
gravity (Muthert et al. 2020; Sathasivam et al. 2021). The
microgravity or low gravity conditions disrupt the normal
gravitropism response in plants, leading to altered develop-
ment shown by disorientations of the seedlings and a
modified distribution pattern of auxin phytohormone (Med-
ina et al. 2021). Last, the availability and light spectrum
regime in space differ significantly from terrestrial con-
ditions. Using artificial light to mimic Earth light require
careful management for optimal photosynthesis and growth
(Ouzounis et al. 2015; Zhang et al. 2020).

One additive approach for space agriculture is the use of
photosynthetic microorganisms as a source of food, oxygen
and fertilisers for space missions (Mapstone et al. 2022), as
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well as a source of biostimulant production for plant growth
(Kapoore et al. 2021; Yakhin et al. 2017). These microorgan-
isms have several specific advantages for space agriculture,
including their small size and low mass, which makes them
easy to transport and store in space. In fact, cyanobacteria
and microalgae have already been used in several space
experiments to study their growth and photosynthetic capa-
bilities under simulated microgravity conditions (Mapstone
et al. 2022), and their use as food or oxygen suppliers
(Godia et al. 2002; Lasseur et al. 2005). Indeed, Limnospira
indica, a photosynthetic cyanobacteria has already been
flown in order to demonstrate the feasibility of a functional
photobioreactor within the International Space Station
(Poughon et al. 2020; Fahrion et al. 2021). Indeed, the
MELISSA project (an ESA project) develops a fully closed
loop system. As part of this project, Poughon et al. has
work to the integration of a photobioreactor composed of
4 chambers in the ISS Biolab facility. Through this work
they have shown that Limnospira indica PCC 8005 was the
first successful dynamic culture experiment in space and
allows direct measurement and calculation of reliable growth
and oxygen production rates. Biostimulant effects from cya-
nobacteria and algae could be particularly useful for space
missions where it is important to maximise the efficiency
and productivity of plants’ growth on board (Kapoore
et al. 2021; Yakhin et al. 2017). Nevertheless, many chal-
lenges and uncertainties need to be addressed to make
space agriculture a viable and sustainable option for future
space missions and settlements (Wheeler 2017; Mapstone
et al. 2022). These challenges include the need to better
understand the growth and physiological responses of plants
and microorganisms to the extreme conditions of space, and
their metabolic response to extreme environments (Santo-
martino et al. 2020; Mapstone et al. 2022)

In this review, we aim to discuss the diverse applications
of biostimulants in plant growth, with a particular focus on
edible vascular plants. We will specifically explore the poten-
tial of photosynthetic microorganisms as biostimulants and
their role in enhancing plant development and stress toler-
ance. We will dig into their ability to produce secondary
metabolites and impact plant stimulation, their potential
application methodologies, and optimal strains to lead to
sustainable and efficient food production in closed environ-
ments. Furthermore, we will delve into the application of
biostimulants in indoor farming systems, highlighting their
benefits and challenges. Finally, we will explore the perspec-
tives for space farming, examining how biostimulants and
photosynthetic microorganisms can contribute to sustain-
able food production in extraterrestrial environments.

2. The use of biostimulants on edible vascular
plants

Defining the biological basis of biostimulants as a class of
compounds is complex due to their diverse sources present
in the current market. These compounds include stimulants
based on bacteria, fungi, seaweeds, vascular plants, animals
and humic acids materials (Yakhin et al. 2017) and can be
produced from whole microorganisms or natural com-
pounds extracted from them (Yakhin et al. 2017; Ricci
et al. 2019; Kapoore et al. 2021) before being applied to the
plant.
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Understanding extreme environments conditions and
their impact on plant growth and survival is a necessity to
develop effective biostimulants, as they are a source of resili-
ent solutions to a fundamentally unsuitable environment for
the plant. These environments include volcanic zones and
hot or cold desertic regions (such as Sahara Desert or
Antarctic Polar Desert). Besides, space exploration brings a
new range of extreme environment for plant cultivation
where the use of biostimulant would be crucial. As plants
are sessile organisms, they must adapt to their environment
through physiological adaptations and microbial associ-
ations (Yang 2016; Alsharif et al. 2020). Amidst these harsh
conditions, desertic plants have shown promising resilience
in adverse environment by engaging beneficial interactions
with endophytes or symbiotic soil bacteria aiding in main-
taining plant growth under abiotic stress conditions (Li
et al. 2019). Local adaptation plays a vital role in the success-
ful colonisation of plants across extreme environments.
Plants gradually develop genetic adaptations that allow
them to cope with the specific challenges of their surround-
ings (Shah et al. 2020; Zn¢j et al. 2022). In addition, plants
interactions with microorganisms such as biocontrol agents
colonise the plants rhizosphere and act as biopesticides
(Alsharif et al. 2020; Francis et al. 2020; Torracchi C. et al,,
2020). As an example, Torracchi C. et al. have shown the sig-
nificant role of cold-adapted microorganisms (psychrotoler-
ants) in protecting plants from pathogens, and their
potential for developing environmentally friendly biopesti-
cides. On the other hand, diversity and ecological inter-
actions of microorganisms living in high-altitude volcanic
hot springs has been shown to be influenced by abiotic fac-
tors (Wang and Pecoraro 2021) and present positive effect
on the growth and development of plants (Rincén-Molina
et al. 2022). Therefore, plants leaving in an extreme environ-
ment contribute to identify a suitable pool of potentially ben-
eficial microbes to maintain plant growth under abiotic stress
conditions (Saad et al. 2020). Therefore, plants engage natu-
rally in microbial interaction to protect themselves, a prin-
ciple that is used to develop biostimulants. Additionally,
plants leaving in an extreme environment could serve as a
valuable resource for identifying and utilising microbial
agents that enhance plant resilience and develop
biostimulants.

To further improve our understanding of the use of bios-
timulants in agriculture, it is important to not only consider
the type of biostimulants available and currently in use but
also the various methods of application. Some biostimulants
are applied via foliar applications, while others are applied
directly to the soil or growing medium, and some are used
as a seed treatment (coating) before planting (Figure 1)
(Ricci et al. 2019). The foliar application involves spraying
biostimulants directly onto the leaves, allowing for quick
absorption and enhanced nutrient uptake (Saa et al. 2015).
This application aims to increase plant growth stimulation
and average leaf size. The foliar application also presents
interesting results in plant stress mitigation (Saa et al.
2015). Direct application to the soil involves applying a bios-
timulant solution directly to the growing medium to reach
the roots and rhizosphere, the layer of soil influenced by a
plant’s roots that is richer in root-associated bacteria (rhizo-
bacteria) than the surrounding soil (Figure 1) (Lugtenberg
and Kamilova 2009). The interaction between these bacteria
and the plants is commensal, as bacteria benefit from the

metabolites secreted by the plant using them as nutrients
(Lugtenberg and Kamilova 2009; Stegelmeier et al. 2022).
These bacteria represent an important biocontrol around
the roots of the plant, allowing the reduction or the elimin-
ation of pathogens around the plants’ roots. Therefore, they
enable better plant growth by reducing the harm caused by
pathogens (Lugtenberg and Kamilova 2009). Finally, seed
treatments are a method of coating or treating the seeds
using biostimulants before planting. This methodology
allows the biostimulant to be in contact with the emerging
seedling, promoting early growth and development (Pedrini
et al. 2017). It enhances the germination stage, by improving
the nutrient and growth hormone uptake of the seedling
while increasing stress tolerance (Pedrini et al. 2017; Campo-
benedetto et al. 2020). Nevertheless, biostimulant efficiency
can be affected by factors such as the type of crop, the
stage of crop growth, and environmental conditions (Yakhin
et al. 2017).

Biostimulants and associated bacteria actions can be
classified into several categories based on the mechanism
used to promote plant growth. These include (1) Biofertili-
sers, (2) Rhizoremediators, (3) Phytostimulators, and (4)
Stress-controllers. (1) Biofertilisers utilise rhizobacteria to
enhance plant growth in the absence of pathogens and
supply the plant with nutrients such as ammonia (van
Rhijn and Vanderleyden 1995; Lugtenberg and Kamilova
2009). Nitrogen-fixing bacteria can form nodules on the
roots of leguminous plants in which they convert N, into
ammonia used as a nitrogen source, whilst other Plant
Growth-Promoting Bacteria can solubilise phosphate from
fertilisers for plant use (Vassilev et al. 2006; Lugtenberg
and Kamilova 2009; Stegelmeier et al. 2022). (2) Rhizoreme-
diators use rhizobacteria to degrade pollutants in soil (van
Rhijn and Vanderleyden 1995; Kuiper et al. 2001). (3) Phy-
tostimulators utilise rhizobacteria to produce volatile metab-
olites and the cofactor pyrroloquinoline quinone (PQQ) to
supplement plant hormones, such as auxin, gibberellins,
and cytokinins (Altman et al. 1997; Lugtenberg and Kami-
lova 2009; Stegelmeier et al. 2022). (4) Stress controllers
use bacteria containing the enzyme 1-aminocyclopropane-
1-carboxylate (ACC) deaminase to promote plant growth
and development (Glick et al. 2007; Lugtenberg and Kami-
lova 2009; Stegelmeier et al. 2022).

These biostimulant induce the production of antioxi-
dants, pigments, organic acids, and amino-acids, as well as
hormones (auxin-like and gibberellin-like) and allow nitro-
gen fixation in the plant (Zhang and Schmidt 2000; du Jardin
2015; Yakhin et al. 2017; Vetrano et al. 2020). Moreover,
while the adverse effects of biotic and abiotic stresses on
crop systems are well known, knowledge about mechanisms
involved in mitigating these effects is currently limited. Com-
mon approaches to prevent abiotic stresses include optimis-
ing plant growth conditions, providing water and nutrients,
and using plant growth regulators (PGRs - auxins, cytoki-
nins, gibberellins, strigolactones, brassinosteroids) (Yakhin
et al. 2017; Dubey et al. 2020). Regarding their impact on
plants, it has been shown that biostimulants can increase
growth, yield, and stress tolerance in a wide range of crops,
including cereals, fruits, and vegetables, making them prom-
ising for all kinds of farming (du Jardin 2015; Yakhin et al.
2017; Shahrajabian et al. 2021).

Biostimulants based on microorganisms include Plant
Growth-Promoting Bacteria (PGPB) (Handy et al. 2021),
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medium
applicatior

PGPB

Promote early development by improving growth
hormone and nutrient uptake. Increase stress
tolerance.
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Quick absorption and nutrient uptake improved,
stress mitigation.

PGPB, PGPR, mycorrhizal fungi

Biofertilisers, rhizoremediators, phytostimulators
reaching the roots and the rhizosphere leading to
nutrient availability and solubilisation of inorganic
compounds, stress controllers.

Figure 1. Biostimulant application impact on the plant depending on their nature and their application method. PGPB = Plant Growth Promoting Bacteria; PGPR =

Plant Growth Promoting Rhizobacteria.

Plant Growth-Promoting Rhizobacteria (PGPR) (Lugtenberg
and Kamilova 2009) and mycorrhizal fungi (Bonfante and
Anca 2009). PGPB, PGPR and mycorrhizal fungi have
several ways to positively impact plants’ environments, as
they can solubilise inorganic phosphorus (example of mech-
anism (1) ‘Biofertilisers’) and fix atmospheric nitrogen
(example of mechanism (1) ‘Biofertilisers’) (Lugtenberg
and Kamilova 2009). Both mechanisms are necessary for
many essential processes as plants require phosphorus (i.e.
for energy transfer, photosynthesis, and cell division) and
nitrogen (for protein synthesis, chlorophyll and enzyme pro-
duction). However, on the one hand, phosphorus in soils is
inorganic and not readily available for plant uptakes and
needs to be solubilised before being used by the plant. To
this end, plants release acids, and enzymes to solubilise inor-
ganic phosphorus. On the other hand, the atmospheric nitro-
gen molecule (N,) is relatively inert and needs to be fixed to
be available for plant growth and development. PGPR and
mycorrhizal fungi, through a symbiotic relationship with
the plant, can help to solubilise inorganic phosphorus and
fix nitrogen to make it available for absorption by the plant
(Bonfante and Anca 2009; Lugtenberg and Kamilova 2009).
In addition, Plant Growth-Promoting Bacteria (PGPB)
have shown potential for yield productivity by reducing
plant stress (example of mechanism (4) ‘Stress control’),
increase nutrient uptake (example of mechanism (1) ‘Biofer-
tilisers’), manage plant hormone modulation (example of
mechanism (3) ‘Phytostimulators’) and biocontrol especially
in hydroponic growth conditions (Handy et al. 2021; Stegel-
meier et al. 2022). Finally, some rhizobacteria promote plant

growth by releasing volatile compounds in the near environ-
ment of the plant (Glick et al. 2007; Lugtenberg and Kami-
lova 2009). Several forms of stress, such as
phytopathogenic bacteria aggression, polyaromatic hydro-
carbons presence, or occurrence of heavy metals, are relieved
by these volatile compounds, increasing plants’ stress toler-
ance (example of mechanism (4) ‘Stress control’) (Glick
et al. 2007; Lugtenberg and Kamilova 2009).

3. Photosynthetic microoragnisms metabolites as
biostimulants

Amongst biostimulants used on vascular plants, those pro-
duced from microorganisms are of great interest. Indeed,
these microorganisms have unique properties and mechan-
isms that can enhance plant growth and improve crop yields.
These properties come from their ability to produce metab-
olites, among which secondary metabolites are of particular
interest. Secondary metabolites are compounds produced
by the organisms as a by-product of their metabolism,
which are not directly required for the organism’s primary
metabolism, and are derived from mixed biosynthetic path-
ways (Nunnery et al. 2010; Kultschar et al. 2018). They are
often unique to a particular organism and are not always
produced in all environmental conditions. Photosynthetic
microorganisms produce secondary metabolites in response
to biotic or abiotic stresses in their environment (Kultschar
et al. 2018) and can be used by plants. The microbial enzyme
1-aminocyclopropane-1-carboxylate (ACC) deaminase can
help plants to cope with abiotic stress, such as high
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temperatures and drought (Naing et al. 2021). Similarly,
polysaccharides and exopolysaccharides produced by cyano-
bacteria allow plants to increase their drought tolerance
(Adessi et al. 2018; Santini et al., 2021). In addition, com-
pounds such as flavonoids, phytoalexins, phenylpropanoids,
and carotenoids have been documented in stressed plants
inoculated with microorganisms and help plants tolerate
abiotic stress by acting as antioxidants that scavenge ROS
(Bonini et al. 2020; Koza et al. 2022). It is suggested that
these diverse chemical compounds and enzymes activate
plant defense responses, and improve nutrient mobilisation
at the seed stage (Poveda 2020; Sharma et al. 2020). These
metabolites possess powerful biological activities that can
provide protection and aid in plant survival, giving them
an advantage over other species (Gademann and Portmann
2008; Kultschar et al. 2018).

Given their ability to thrive in a variety of environments,
cyanobacteria are a valuable producer of secondary metab-
olites (Kultschar et al. 2018). Several of these compounds
exhibit a distinctive combination structural characteristics
of peptide with lipid sections, which gain function through
unusual oxidations, methylations, and halogenations (Nun-
nery et al. 2010). In addition, metabolites serving a primary
function in cyanobacteria, such as hormones, present inter-
esting properties when used as biostimulant for plants as

well (Dobbelaere et al. 1999; Rodriguez et al. 2006; Santini
et al. 2021). Therefore, the varieties of these metabolites,
presented in Table 2, are broad and include toxins (micro-
cystin, anatoxin and saxitoxin, displaying hepatotoxicity
and neurotoxicity), hormones, vitamins, photoprotective
metabolites (Mycosporine-like amino acids and scytone-
min), antioxidants (exopolysaccharides), indole alkaloids
(ergot, iboga, pyrroloindole, carboline, aspidosperma and
strychnos alkaloids), as well as iron chelators (schizokinen,
synechobactin and anachelin), and Volatile Organic Com-
pounds (VOC) (Gademann and Portmann 2008; du Jardin
2015; Kultschar et al. 2018; Liu et al. 2021). All bioactive
secondary metabolites produced by cyanobacteria represent
a massive source of compounds for biotechnologies.
Already used for their food supplementation, pharma-
ceutical and cosmetic properties, they bring a new interest
as a source of biostimulants (Gademann and Portmann
2008; Kultschar et al. 2018; Macario et al. 2022). Secondary
metabolites are produced through different metabolic path-
ways, in cyanobacteria (Fincheira and Quiroz 2018; Gonza-
lez-Pérez et al. 2021) and their actions may differ from
rhizobacteria normally found in the near roots’ environ-
ment (Gademann and Portmann 2008). The following sec-
tions will present the secondary metabolites variety and
their actions on plants.

Table 2. Effects of different cyanobacterial metabolites on crop productions, from their cellular targets in plants to whole plant physiological functions.

Interest for crop

Metabolites Cellular mechanism activated ~ Physiological function on  performance (effects

categories Metabolites name in plants whole plant on yields) References

Phytohormones Auxin, gibberellins, Release and activation of Increased lateral root Increased root (Dobbelaere et al.

cytokinins growth hormones (e.g. density, surface of root foraging capacity, 1999; Rodriguez
auxin) pathways is hairs and shoot length enhancing nutrient et al. 2006; du
responsible of roots and use efficiency and Jardin 2015;
shoots morphogenesis then plant growth Santini et al.
2021)
Vitamins Riboflavin (vitamin B2), Worked as signalling Vitamins help reduce Increase biotic and (Rodriguez et al.

Volatile organic
compound (VOC)

Photoprotective
metabolites,
antioxidants,
pigments and
carbohydrates

Indole alkaloids

Fertilisors, NPK
(Nitrogen,
Phosphorus and
Potassium) and
iron chelators

ascorbic acid (vitamin C),
thiamine (vitamin B1),
cobalamin (vitamin B12),
pyridoxine (vitamin B6)

Dimethyl-sulfide, alkanes,
alkenes, alcohols,
aldehydes, ketones,
furans, sulfides, and
halocarbons, benzenoids,
pyrazines, terpenes

Mycosporine-like amino
acids and scytonemin,
exopolysaccharides

Ergot, iboga, pyrroloindole,
carboline, aspidosperma
and strychnos alkaloids,
hapalindoles and
fischerindoles

Schizokinen,
synechobactin and
anachelin

molecules to promote plant
growth

Enhanced photosynthetic CO,
fixation signalling mediated
by ABA and cytokinin
Phytohormone shifts are
responsible in roots
morphogenesis

Activation of scavengers of
reactive oxygen

Production of natural toxins
(e.g. saxitoxins, anatoxin-a,
cylindrospermopsin,
Cyanopeptinolin,
microcystin-LR)

Act as protease inhibitors,
which are cyclic
depsipeptide derivatives
thought to be elastase
inhibitors

Iron chelators form stable
complexes with metal
micronutrients, due to the
presence in their structure of
oxygen-, nitrogen- and
sulfur-containing functional
groups. Then responsible in
maintaining micronutrients
available for plants uptakes

stress and increase the
immunity of plants
against disease and
rough climate by
activating various
enzymatic pathways
Modulation of root system
architecture, root hair
formation and
chlorophyll
accumulation

Maintenance of leaf
photosynthetic activity
under light stress

Antimicrobial activities
against gram negative
and positive bacteria,
insecticidal, antifungal
and antialgae activities

Iron is necessary in trace
quantity for
photosynthesis, cell wall
metabolism, and
respiratory electron
transport chain and
provides protection to
the plants against
various oxidative stress

abiotic stress
tolerance

Promote
photosynthesis,
induce systemic
drought tolerance,
improve water and
nutrient acquisition

Increased crop
tolerance to abiotic
stresses allowing a
better growth under
stressed conditions

Improve crop health,
avoid infections
from bacteria, fungi
and insects’ attacks

Improve crop health

2006; Havaux
et al. 2009;
Goyer 2010;
Singh 2014)

(Liu et al. 2021;
Gémez-Arcas
et al. 2022)

(Kultschar et al.
2018)

(Kulik, 1995;
Gademann and
Portmann 2008;
Walton and
Berry 2016;
Kultschar et al.
2018)

(Kultschar et al.
2018; Zanin
et al. 2019)




3.1. Phytohormones

Cyanobacteria produce phytohormones like auxin, cytokinins
and gibberellins, which can promote plant growth and devel-
opment shown by an increase in fresh weight and root size
(Santini et al, 2021). Furthermore, cyanobacteria, through
their metabolite production, can stimulate endogenous hor-
mone synthesis, such as auxin, well known for its implication
in plant growth in treated plants (Santini et al., 2021).

3.2. Volatile organic compounds (VOCs)

Some microalgae and bacteria, such as Microcystis aerugi-
nosa and Anabaena sp., have been found to induce the emis-
sion of VOCs (i.e. dimethyl-sulfide, alkanes, alkenes,
alcohols, aldehydes, ketones, furans, sulfides, and halocar-
bons) which also promote plant growth by rearranging
roots architecture making nutrient uptake more efficient
(Santos et al. 2016; Liu et al. 2021; Shanab and Shalaby
2021; Gamez-Arcas et al. 2022). Other VOCs, such as
3-hydroxy-2-butanone (acetoin), 2,3-butanediol, 2-pentyl-
furan, or dimethylhexadecylmine, released from diverse
microorganisms, have shown their ability to stimulate
growth at root and leaf level (Fincheira and Quiroz 2018).
VOCs can act as signalling molecules between plants and
microorganisms and stimulate a range of physiological pro-
cesses in plants through the activation of a series of signals
regulating physiological processes and promoting plant
growth and development (Fincheira and Quiroz 2018).

3.3. Vitamins

Vitamins produced by cyanobacteria in the environment of
plants have the ability to work as signalling molecules to pro-
mote plant growth by reducing stress and increasing the
plant immunity (Rodriguez et al. 2006; Havaux et al. 2009;
Goyer 2010; Singh 2014).

3.4. Pigments

Microalgae and cyanobacteria have been shown to produce
compounds such as beta-carotene and phycobiliproteins.
These compounds present an interesting ability to stimulate
tillering and/or root development and/or the yield of a plant
impacting positively nutrient uptakes and assimilation (Yvin
et al. 2019).

3.5. Exopolysaccharides

Polysaccharides and exopolysaccharides are produced by a
variety of microorganisms, including microalgae and cyano-
bacteria (i.e. Chlorella sp., Limnospira indica, Dunaliella salina
and Prophorydium sp., Gloeothece verrucosa). Exopolysacchar-
ides are high molecular weight polymers, in which monosac-
charides are linked by glycosidic bonds and present various
biological activities and physico-chemical properties showing
promising abilities in biostimulation (Chaiklahan et al. 2013;
Laroche 2022; Van Camp et al. 2022). Indeed, extracted poly-
saccharides from Limnospira indica has been proven to induce
metabolic changes in plants (Cabrera and Wattiez, 2018).
Amongst their activities observed on plants, they mitigate
Reactive Oxygen Species (ROS) toxicity. ROS constitute a cat-
egory of toxic molecules as they injure cells by oxidating them.
Biotic and abiotic stresses, resulting in ROS production, lead
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to cell injury. Crude polysaccharides from Limnospira indica
contain phenolic compounds leading to antioxidant activity
(Chaiklahan et al. 2013). Phenolic compounds are major con-
tributors to antioxidant capacity and may be linked to various
cell component carbohydrates (Chaiklahan et al. 2013). As
such, cyanobacteria exopolysaccharides enhance plants’ pro-
duction of ROS antioxidant enzyme activities. This is possible
due to their interaction with specific receptors (such as leu-
cine-rich receptors) structurally related to TLR4 y TLR2
with protein kinase activity that activates regulatory mechan-
isms involved in defence mechanisms (Gonzalez-Pérez et al.
2021). This mechanism leads to a toxicity mitigation and,
therefore, stress tolerance is increased (Gonzalez-Pérez et al.
2021).

Another ability from cyanobacteria’ polysaccharides is to
increase inter-species interactions. Polysaccharides present
in the nearby soil of plants allow other microorganisms,
fungi and nitrogen-fixing bacteria to grow efficiently, con-
ducting to enhance beneficial interactions between plant
and surrounding microorganisms as growth promoters
(Kehr and Dittmann 2015).

Cyanobacteria’ exopolysaccharides in the near root’s
environment can be involved in tillering, roots growth, and
plants hormone production. The production and release of
phytohormones by cyanobacteria living in symbiotic or para-
sitic environments have significant ecological consequences
for other organisms living in the said environment (Gademann
and Portmann 2008). Indeed, increasing both tillering and
roots growth result in an improved nutrient and water uptake.

Last, EL Arroussi has demonstrated the effect of polysac-
charides extracted from Spirulina platensis (currently being
named Limnospira indica) on plants growth. It is shown
that polysaccharides induce a better growth efficiency in
term of plant weight, plant size, and leaves number and
size on two plant species Capsicum annum and Solanum
lycopersicum (EL Arroussi 2016).

3.6. Indole alkaloids

Indole alkaloids such as the tjipanazoles isolated from Toly-
pothrix tjipanasensis are toxins produced by cyanobacteria.
Therefore, they present interesting antifungal properties, in
particular against phytopathogenic fungi causing plant infec-
tions (Bonjouklian et al. 1991; Kulik, 1995; Gademann and
Portmann 2008; Walton and Berry 2016).

3.7. Fertilisors

Photosynthetic microorganisms also act as biostimulants
through their ability to fix atmospheric compounds. Indeed,
photosynthetic microorganisms, such as Nostocales sp., also
make essential nutrients, such as Nitrogen, Phosphorus,
and Potassium (NPK), available for use by plants by fixing
these compounds in an absorbable form (Lugtenberg and
Kamilova 2009). Cyanobacteria, for instance, can fix nitro-
gen through the process of nitrogen fixation, which can
improve soil fertility leading to better plant growth (Lugten-
berg and Kamilova 2009). Moreover, photosynthetic micro-
organisms can also help to solubilise inorganic phosphorus, a
key nutrient for plant growth, through the production of
organic acids within the soil (Lugtenberg and Kamilova
2009). Whilst a proper symbiotic association seems unlikely,
as the crop plant environment does not match the natural
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environment of cyanobacteria, such an enrichment of the
environment remains beneficial for plant growth.

Although the production of metabolites is part of photo-
synthetic microorganisms’ normal metabolism, biotic and
abiotic stresses can enhance their production (Kultschar
et al. 2018). Some environment present high abiotic stress.
Extremophiles organisms have the ability to tolerate at least
one extreme condition in their environment (Waditee-Siri-
sattha and Kageyama 2022). Cyanobacteria are amongst the
group best adapted to various hostile conditions and have
developed unique survival strategies to thrive under extreme
environmental conditions. Five extremophilic cyanobacteria
groups are known: (1) psychrophiles, cope with low tempera-
tures and includes Synechococcales, Nostocales, and Oscilla-
toriales (Kageyama and Waditee-Sirisattha 2022; Kashyap
et al. 2022), (2) thermophiles, tolerate high temperature and
includes Gloeomargarita, Synechococcus and Leptococcus
(Kees et al. 2022), (3) halophiles, live in high saline conditions
and includes Aphanothece halophytica, Halospirulina tapeti-
cola and Coleofasciculus chthonoplastes (Oren 2015), and (4)
alkaliphiles, thrive in an alkaline environment (pH above 9)
and includes Anaerobranca horikoshii. Finally, some polyex-
tremophile cyanobacteria such as Chroococcidiopsis thermalis
have the ability to survive to an association of several extreme
conditions (Aguild-Nicolau et al. 2023). These extremophile
cyanobacteria have shown the ability to produce biologically
active compounds (Drobac-Cik et al. 2007; Malavasi et al.
2020). V. Drobac-Cik et al. demonstrated that cyanobacteria
were able to produce bioactive compounds presenting antibac-
terial and antifungal properties. In accordance to these
research, Rajashekhar has proved the ability of four species of
cyanobacteria isolated from a sulfur spring to produce antiox-
idant compounds (total antioxidant capacity, DPPH free rad-
ical scavenging and ferric ion reducing assays) (Rajashekhar
2013). Further research has highlighted the importance of
the medium composition (mimicking the environment of the
strain) for bioactive compounds production. Indeed, a med-
ium modification induces a change in the bioactive compounds
production (shift from eugenol to 4-tert-butylcyclohexanol),
inducing an increase in antimicrobial activity (Semary 2012).
Last, high levels of UV radiation can lead to the production
of UV-absorbing pigments, such as mycosporine-like amino
acids, by cyanobacteria (Fuentes-Tristan et al. 2019; Geraldes
and Pinto 2021). Similarly, high salinity can lead to the pro-
duction of compatible solutes, such as glycine betaine and pro-
line, by cyanobacteria and microalgae (Mutale-joan et al. 2021).

The impact of environmental stress on the production of
secondary metabolites in cyanobacteria is clear. However,
the pathways involved in these biostimulating mechanisms
are poorly studied. Further research may highlight important
molecular and metabolic processes, either regarding their
production, their secretion in the environment or the
mode of action for plant biostimulation. Additionally, the
production and extraction of metabolites of interest could
be used as a supplement to watering solutions for plants dis-
regarding the farming methodology in use.

4. Using microorganism biostimulants in indoor
farming systems, applications and
methodologies

Biostimulant use in diverse agricultural systems has gained
significant interest in recent years. They can be applied as a

treatment in a variety of forms, such as soil amendments,
foliar sprays, and seed coatings, and can be used in various
farming systems. These farming methodologies can be
broadly classified into two categories: outdoor farming and
indoor farming.

Outdoor farming, also known as field farming or in-
ground farming, corresponds to traditional in-ground crop
management, such as row crops (annual crops) and peren-
nial crops. These systems rely on natural sunlight and
weather patterns to grow crops and can include various
types of soil-based or soil-less systems. Crops are grown in
the ground or a growing medium, such as soil or peat
moss, in fields outside. As already seen, the use of biostimu-
lants in in-ground agriculture can improve soil health and
fertility, allowing for better growth and development of
plants, increased nutrient, mineral and water uptake, stress
tolerance in crops, and solubilisation of nutrients to improve
soil fertility (Lugtenberg and Kamilova 2009; Altomare and
Tringovska 2011). Despite the potential benefits of using
biostimulants, traditional in-ground agriculture presents
several challenges, such as the need for specific management
and precise monitoring of the soil’s humidity and fertility to
ensure optimal crop growth. Adding biostimulants requires
good management of the field to adapt the treatment.

In contrast, indoor farming (Figure 2) can be divided into
different methodologies: (1) Hydroponic systems, (2) Aero-
ponic systems, and (3) Aquaponic systems.

(1) Hydroponic systems are indoor farming systems in
which plants are grown in nutrient-rich water, rather
than in soil. These systems can be used to grow crops
with highly efficient water usage and space utilisation.
It can be set up in various places, such as in greenhouses,
warehouses, or containers. Hydroponic systems require
precise control of temperature, humidity, and nutrients,
as well as regular maintenance and monitoring (Son
et al. 2020).

(2) Aeroponic systems are another kind of indoor farming
system in which plants are grown with roots suspended
in the air and misted with nutrient-rich water. This
method is considered the most efficient water usage,
while also providing a high yield per square foot (Nir
1982; Lakhiar et al. 2018).

(3) Aquaponic systems are a combination of hydroponic
and aquaculture systems, where fishes and plants are
grown together in a symbiotic relationship. Fishes pro-
vide nutrients for the plants, while the plants help to
purify water for the fishes. Aquaponic systems can be
set up in many places, such as in greenhouses, ware-
houses, or even outdoors (Yep and Zheng 2019).

Although outdoor farming systems are less expensive to
set up and maintain than indoor systems, the latter present
several advantages. Firstly, indoor farming systems allow
for full control over growing conditions with precise control
over temperature, humidity, lighting, and nutrient levels
(Despommier 2019). One other benefit of using them is
that they enable crops to avoid the negative effects of extreme
conditions, such as drought, severe weather, and frost. These
elements enable the optimisation of crop growth and yield, as
well as easy protection against pests and diseases, reducing
the need for pesticides (Hall 2021). Secondly, indoor farming
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or by spraying the leaves.

allows for year-round production with the cultivation of
crops in any climate and at any time of the year. Addition-
ally, resource management is enhanced in indoor farming
systems, as water consumption is optimised through recy-
cling and water reuse. The space is optimised as well as
crops are grown in stages.

In addition to the advantages of allowing full control over
the growing conditions, indoor farming systems also offer
the ability to easily apply biostimulants to crops (Azizoglu
et al. 2021; Chiaranunt and White 2023). Depending on
the type of biostimulants and the crops being grown, there
are several methods for application in an indoor farm. A
foliar spray application can be performed by using a misting
system, which helps nutrients to be absorbed through the
leaves and roots (Lakhiar et al. 2018). If plants are grown
on a substrate, biostimulants can be added to the soil around
plant roots to improve their health and nutrient availability
in the near environment of the roots. For hydroponic sys-
tems, biostimulant solutions can be incorporated into the
nutrient solution that is applied to the roots and leaves of
the plants, improving the nutrient uptake as observed with
foliar spray and soil drench methods (Son et al. 2020). Lastly,
biostimulant solutions can be used to treat seeds before
planting, to improve their germination and early plant
growth.

By using various application methods, indoor farming
allows for precise and targeted biostimulation. The key
advantage of using biostimulants in indoor farming systems
is the ability to precisely control their application, allowing
for targeted application at specific growth stages and

optimisation of biostimulants used based on the specific
needs of the crop. Furthermore, biostimulants can help to
reduce dependence on synthetic stimulants and pesticides
in indoor and outdoor farming systems (bio-label farming),
which can be harmful to both the environment and human
health (du Jardin 2015). Indoor farming systems present a
holistic approach to plant nutrition, health, and production
management, which is critical for sustainable and reliable
agriculture.

The use of indoor farming systems and biostimulants can
help to address the challenges of conventional outdoor farm-
ing. Nevertheless, farming in extreme environments rep-
resents one of the biggest challenges for agriculture. As we
look towards the possibility of space farming and food as
well as oxygen (Shao et al. 2021) production beyond our pla-
net, there are many unique challenges to consider. However,
the precision control offered by indoor farming and the
benefits of biostimulant applications may prove to be valu-
able tools in meeting the challenges of space farming and
ensuring sustainable food production for future missions
when associated to sustainable energy production and
management.

4.1. Perspectives for space farming

As agriculture practices on Earth have evolved over thou-
sands of years, they must adapt to meet the challenges
induced by space conditions to be applied to space-based
agriculture. The unique challenges presented by the space
environment mean that there are high-reliability
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requirements during a space mission, as resource availability
is limited, and extreme environmental stress is high
(Wheeler 2017). Indeed, in comparison to the Earth’s
environment, a space settlement environment present var-
ious influencing parameters affecting plant development
(Figure 3). One of the most significant variables in space is
gravity. Indeed, it can differ greatly depending on the
location in the universe, such as planets, moons, spacecraft
orbiting Earth, or orbital transfer vehicles subject to micro-
gravity (Brian Yager n.d.). Gravity, a fundamental inter-
action leading to a mutual attraction between bodies, to
which an object is subjected will vary depending on several
factors. On a planet or moon, the mass and the distance
from its centre will impact the observed gravity value,
measured as a force. The object’s location (whether on a sur-
face, in the atmosphere, or in space) directly affects the grav-
ity it experiences (David and Carney n.d.). Additionally, the
acceleration of a vehicle, which contains the object, also
alters the perceived gravity of the object. Indeed, the law of
physics driving this concept is the equivalence principle,
which is a fundamental notion in Albert Einstein’s theory
of general relativity. According to the equivalence principle,
the effects of gravity and acceleration are indistinguishable.
Then, when an object is in a vehicle that undergoes accelera-
tion, the object experiences a force that is equivalent to the
force of gravity. This leads to a change in the perceived grav-
ity of the object. The lowest gravity, called microgravity, is
reached when a spacecraft is outside an atmosphere and
under no acceleration and objects subjected to the same
forces as the spacecraft appear weightless (MSFC 2015).
Nevertheless, all elements included in a space station
(space settlement or space transport systems) are subject to
this physical force. Therefore, the movement of heat, water
vapour, CO,, and O, between plant surfaces and their
environment is also affected by gravity. As described by
Charles Darwin in 1880, the root tip has the power to direct
plant movements led by gravity attraction (Darwin and Dar-
win 1880). Since, 4 roots zones (meristematic zone, tran-
sition zone, elongation zone, and differentiation zone) has
been identified to play a role in the roots elongations, each
playing a role in responses to trophic signals (Verbelen
et al. 2006). In microgravity, these processes, necessary for
the well-being of the plant, may have an impact on its growth
efficiency. Reduced mass transport and thicker boundary
layers around plant organs may be the cause of this phenom-
enon and may result from the absence (zero-gravity) or
reduction (microgravity) of buoyancy-dependent convective
transport. Previous studies suggest that microgravity affects
plant physiology by altering growth and development
through gravitropism dynamics modifications (Shimazu
et al. 2001; Medina et al. 2021; Chin and Blancaflor 2022).
Shimazu et al. showed that plant growth under simulated
microgravity conditions seems to be controlled by the mech-
anical properties of cell walls and the osmotic properties
influenced by auxin and/or other plant hormones rather
than gravity influenced mechanisms. In addition, micrograv-
ity has been identified as an affecting factor in regulatory Ca’
" messenger system who is known to play a crucial role in
stimulus-response coupling for many plants cellular signal-
ling pathways, many cellular functions are altered. This
includes cytoskeleton, carbohydrate and lipid metabolism,
enzyme activity, protein expression, and chloroplast struc-
tures (Kordyum 2003) and alters the primary functions of

plants cells. These limitations on basic physiological and bio-
chemical processes implies that under long-term micrograv-
ity influence, plants adapt their anatomical features as a way
of adapting to the stress condition (Akomolafe et al. 2017).

Furthermore, in addition to the effects of microgravity,
plants in space also face the detrimental impacts of radiation,
which pose additional challenges to their growth and survi-
val. Radiation is energy emitted in the form of rays, electro-
magnetic waves or particles (Perez 2017). A variability of
radiations is present in space: (1) Electromagnetic radiations
coming from the magnetic field, (2) infrared, and ultraviolet
radiation (UV) caused by the Sun, (3) x-rays, y-rays, and
streams of protons and electrons caused by solar flares, (4)
galactic cosmic rays (high energy protons and ions), a-par-
ticles, B-particles coming from the outer space (Perez
2017). Electromagnetic radiation has an impact on plants
depending on the strength and exposure period. While a cer-
tain combination of magnetic field and duration of the
exposure might be a source of stress, it has been shown its
efficacity, when induced at a specific level (low frequency,
magnetic flux density, time of exposure), in enhancing
growth characteristics (Bilalis et al. 2012; Rostami zadeh
et al. 2014; Martinez et al. 2017; Nyakane et al. 2019; Tirono
et al. 2021). Studies suggest that plants cope with space radi-
ations through various mechanisms such as reducing light
interception, and utilising multiple pathways to handle radi-
ation-induced stress such as the antioxidant systems (Hoeck
et al. 2015; Gudkov et al. 2019; Grinberg et al. 2021). The
effects of ionising radiation on photosynthesis, respiration,
long-distance transport, hormonal systems, and biosynthetic
processes in plants have been studied extensively. Ionising
radiation can cause changes in the content and ratio of
photosynthetic pigments, as well as affect various com-
ponents of the photosynthetic apparatus. It can also influ-
ence the intensity of respiration, with high doses of
ionising radiation leading to an increase in respiration
activity (Gudkov et al. 2019). Long-distance transport in
plants can be disrupted by ionising radiation, leading to
changes in the activity of physiological processes (Gudkov
et al. 2019; Grinberg et al. 2023). Ionising radiation can
also affect hormonal systems and biosynthetic processes in
plants, although the specific mechanisms are not fully under-
stood (Gudkov et al. 2019). Plants (Lemna minor) growth
inhibition has been observed while exposed to high dose
rate radiations (from 27 mGyh™' to 1500 mGyh™')
(Hoeck et al. 2015). In addition, biochemical changes, all
part of the antioxidative defence system, has been observed
with a significant enhancement of the catalase activity, guaia-
col peroxidase, syringaldazine peroxidase and superoxide
dismutase after high radiation dose exposure (Hoeck et al.
2015). However, plants that have the ability to reduce light
interception at midday, thereby reducing light and tempera-
ture stress effects, may be better prepared to cope with the
additional effects of UV-B radiation on photosynthesis, sto-
matal conductance, plant morphology, and growth (Rosa
and Forseth 1996).

Therefore, it is understood that environment impact
plants with a variable range of impact on them (Figure 3).
However, like farmers on Earth who adapted their farming
practices to accommodate various geographical zones (e.g.
climatic, or geological), future space farmers must adapt to
the various conditions of space to ensure optimal yield pro-
duction (Hessel et al. 2022). This results in the need to adapt
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farming methodologies to the various gravities observed. To
this end, in addition to programmable levels of light and
temperature, farming chambers must provide relative
humidity and manage carbon dioxide according to the
needs of the settlement’s gravity (Hall 2021). Moreover, ade-
quate ventilation and automated water/nutrient delivery sys-
tems to sustain plant growth are also of great importance
(Hall 2021). Regardless of all constraints brought by space
conditions, hydroponic systems seem promising. They are
feasible in space due to gravity-driven drainage capabilities,
which undergo problems, such as degassing of fluids in
microgravity, the need for multiple containment of water
in space vehicles, and better moisture distribution in the
roots area (Mungin et al. 2019). One of the major sources
of stress observed in space agriculture while running the
VEGGIE experiment is the behaviour of water in micrograv-
ity which can limit nutrient uptake, suffocate roots, and allow
to potentially pathogenic microorganisms, such as fungi, bet-
ter access to host tissues as water builds up on leaves and
around roots (Massa et al. 2017; Khodadad et al. 2020;
Handy et al. 2021). Moreover, variable pressure can be
used in a farming system, but low pressures used in the
GreenHab area would not only affect plants but also
human safety by inducing hypoxia, or even body fluid boil-
ing. This effect appears when reaching ‘Armstrong’s limit’
named after an American aerospace medicine physician,
Harry G. Armstrong (Tarver et al. 2022). This limit has
been delimited in high altitude on Earth and corresponds,
depending on the atmospheric conditions, to an altitude of
60,000 ft, equivalent to a pressure of about 60-70 millibars
(as a reference, mean atmospheric pressure on Mars is 5.7
millibars (Barth 1974; Haberle 2015)). Then, human access
to the low-pressure plant growing areas would require pro-
tective space suits as used for EVAs (Extravehicular

Activities). While using low pressure presents economic
advantages regarding functioning and setup, it also presents
challenges. Indeed, maintaining adequate oxygen levels for
plants at a reduced pressure may be problematic, and plants
need to adapt for nutrient and oxygen absorption (Paul 2002;
Davis 2017). On the other hand, the tendency for higher
evaporation rates and a reduced ability to convectively trans-
fer heat in a low-pressure environment may pose challenges
in maintaining humidity control (Carey et al. 2014; Liu et al.
2019).

The nature of indoor farming systems asks farmers to rely
on artificially introduced elements (e.g. microorganisms,
mineral elements) to maintain plant health. This constitutes
the main aspect of closed-loop systems and the future of
space farming, as natural elements needed by the plants are
not fully accessible in the near environment. To this end,
the growth environment must be artificially created. How-
ever, planetary settlements must still take advantage of
local resources. Regardless of the absence of natural life on
other planets, some local elements can be found and used
for farming systems. Amongst them, regolith, water, and
CO, are available and can help defray some of the energy
and mass costs required for material transportation for farm-
ing in space. Space farming must accommodate the mass and
volume constraints imposed on current flight experiments
and technologies for its set-up.

The use of microorganisms, especially Plant Growth-Pro-
moting Bacteria (PGPB), for crop yield increase is a common
practice in farming systems on Earth (Stegelmeier et al.
2022). However, the use of microorganisms, and more pre-
cisely photosynthetic microorganisms, for space farming sys-
tems presents a unique set of challenges and opportunities.
On the one hand, the space environment presents some
limitations and constraints on plants’ and microorganisms’
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growth. These constraints prevent the presence of natural
resources that can be used for agriculture as, until now, no
life has been demonstrated to be able to survive in such a
combination of highly hostile conditions. On the other
hand, the use of photosynthetic biostimulants in space agri-
culture offers potential benefits considering the impact of
environmental stress on valuable biostimulant metabolites
production. Indeed, it has been demonstrated that environ-
mental stress can induce and enhance the production of sec-
ondary metabolites with a beneficial impact on plants’
development, growth and health, as well as direct human
food supplement (Kultschar et al. 2018). The production of
these metabolites can be linked to the modulation of various
metabolic pathways in response to the external environment
as a way to adapt, and could therefore be highly impacted
during a mission in space conditions (Kultschar et al
2018). In addition to this ability to produce valuable metab-
olites, photosynthetic microorganisms have been shown to
efficiently produce oxygen under low light conditions
(7 umol of photons m™% s7') (Macério et al. 2022). Lastly,
photosynthetic microorganisms also present interest in
aquaculture as they are an interesting nutritive source for
fish (Przybyla 2021). These different food production meth-
odologies, in addition to oxygen production, offer the cre-
ation of an interesting ecosystem in a space station. These
elements make photosynthetic microorganisms attractive
for space applications both in farming systems and life sup-
port systems for humans from a holistic point of view.

Moreover, cyanobacteria are highly resistant to radiation
on Earth (UV range) and are able to repair DNA damage.
This ability might be associated with antioxidant production,
protein resynthesis, programmed cell death, and UV-absorb-
ing/screening compounds synthesis, such as mycosporine-
like amino acids (MAAs) and scytonemin (Rastogi et al.
2014). The limited resource availability in space makes
photosynthetic microorganisms like cyanobacteria well-sui-
ted for space agriculture because of their ability to use light
as an energy source and carbon dioxide as a carbon source.
Additionally, they are capable of growing in a wide variety
of environments and nutrient conditions while producing
oxygen and fixing atmospheric nitrogen, which is essential
for the support of human life in space (Stal 2007; Lugtenberg
and Kamilova 2009; Mapstone et al. 2022). Moreover, these
systems aim to achieve food security for future crew and,
therefore, are intended to be highly reliable.

5. Conclusion

The exciting field of agriculture adapted to space conditions
is at its beginning. So far, photosynthetic microorganisms
have shown unique properties and mechanisms proving
their ability to enhance plant growth and improve crop yields
in various environments by means of secondary metabolite
and fertilisers production. This production of secondary
metabolites is enhanced in a stressful environment, such as
in space conditions. Indeed, the space radiations (i.e.
Gamma-ray, X-ray, protons), light conditions (direct light
from the star or full darkness), microgravity (variable
depending on the environment) and temperature (from
3K to the theoretical Planck temperature of 10**K) occur-
ring in space environments present an important source of
stress for microorganisms. If correctly managed, these stress-
ful conditions present an advantage in the quest for valuable

components for biostimulation. They can be used as a water-
ing solution in hydroponic systems, soil amendment in in-
soil systems, or seed coatings both on Earth and in space
settlements. One of them seems particularly interesting.
Indeed, exoployssacharides found in the culture medium
(after growth) or the polyssacharides associated with the bio-
mass could be used in crops and particularly in hydroponics
systems such as the one presented in the MELIiSSA loop.
Understanding extreme environments conditions pathways
involved to improve our cultivation methodologies accord-
ingly. It would nevertheless appear that an association of bac-
teria (cyanobacteria, PGPB, PGPR) seems important to
consider for better stimulation. A variety of microorganisms
would produce a wider range of beneficial secondary metab-
olites to be used by the plant. Nevertheless, photosynthetic
microorganisms have advantages regarding space settle-
ments, as they offer a variety of uses and a wide range of bios-
timulating metabolites as a by-product of their normal
metabolism. Furthermore, photosynthetic microorganisms
present not only interesting properties for biostimulation
in a space station but could also support a crew through oxy-
gen and food supplement production, when produced in
food grade methods, as well as part of an aquaculture system
for fish nutrition.

As we continue to explore the possibilities of crewed space
missions, space-based agriculture seems undeniable. Incor-
porating biostimulants from photosynthetic cyanobacteria
may be key to ensuring successful plant growth and resource
production in space.
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